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Summary

The plant hormone indoleacetic acid {IAA)} rapidly induces
transcription of two genes, PS-JAA4/5 and PS-IAAS, in pea
that encode nuclear proteins. The proteins were expressed
in Escherichia coli and polyclonal antibodies were raised.
The proteins can neither be detected on immunoblots of
pea extracts from |AA-treated epicotyls nor subcellularly
localized by immunofluorescence, suggesting that they
are of low abundance. However, they can be immunopre-
cipitated as 3°S-methionine-labeled proteins synthesized
in vivo from control and IAA-treated tissue segments.
Short-term time-course experiments indicate that the
amounts of PS-JAA4/5 and PS-IAA6 proteins decrease
dramatically in non-IAA-treated tissue. However, the hor-
mone slightly increases the PS-IAA4/5 and significantly
enhances the PS-IAA6 proteins compared with the initial
amounts present in the tissue, despite a large induction
of both mRNAs. A net increase in the amount of the in vivo
synthesized PS-IAAG is observed after a lag period of 30
min after addition of IAA. Little or no PS-IAA4/5 or PS-
IAA6 protein is detected after 6 h of induction, even
though PS-/AA4/5 and PS-IAA6 mRNASs remain detectable.
Immunoprecipitation of in vitro translated polypeptides
with mRNAs from various auxin-treated and untreated
mono- and dicotyledonous plants reveals that similar
proteins are encoded by constitutive or |AA-induced
mRNAs. Phylogenetic analysis of 10 PS-IAA4-like proteins
from various plant species reveals that the PS-IAA4 and
PS-IAAG6 proteins belong to different lineages, suggesting
that they may have distinct functions. The data suggest
that as a primary response to IAA plant tissues produce
short-lived nuclear proteins whose synthesis is regulated
at the transcriptional and post-transcriptional levels.

Introduction

Auxins, typified by the naturally occurring indoleacetic acid
(IAA), are a group of plant hormones that exert a variety
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of effects on plant growth and development (Went and
Thimann, 1937). Cell division, cell elongation, root develop-
ment, apical dominance, vascular differentiation and photo-
and gravitropisms are all believed to be controlled, at least
in part, by auxin. It is now well established that auxin
induces expression of specific genes in a number of plant
organs, tissues or cultured cells, though the function of
the encoded polypeptides, with few exceptions (Takahashi
and Nagata, 1992; Takahashi et al., 1989; Van der Zaal et al.,
1991), is unknown (Ainley et al., 1988; Conner et al., 1990;
Hagen et al., 1984; McClure et al., 1989; Oeller et al., 1993;
Theologis et al., 1985; Walker and Key, 1982, Yamamoto
et al., 1992a,1992b).

Expression of two genes in pea, PS-IAA4/5 and PS-IAAS,
is rapidly induced by IAA (within 5 min, Theologis et al.,
1985) and by protein synthesis inhibitors such as cyclohexi-
mide (CHX) (Theologis et al., 1985). Auxin induces tran-
scription of these genes; the hormone has no effect on the
stability of the inducible mRNAs (Koshiba, Ballas and
Theologis, in preparation). Their induction by cyclohexim-
ide, however, is due to both transcriptional activation as
well as mRNA stabilization (Koshiba, Ballas and Theologis,
in preparation). The encoded proteins, PS-IAA4 and PS-
IAAB, share extensive amino acid sequence identity with
eight auxin-regulated proteins from other plant species
(Aux22 and Aux28, soybean (Ainley et al., 1988); ARG3 and
ARG4, mungbean (Yamamoto et al, 1992a); AtAux2-11,
AtAux2-27, IAA1 and IAA2, Arabidopsis (Abel et al., 1994;
Conner et al., 1990)). Recently, it was demonstrated that the
PS-IAA4-like proteins contain nuclear localization signals
(Abel et al., 1994; Abel and Theologis, submitted for pub-
lication). Puise-chase and immunoprecipitation experi-
ments have defined the half-lives (#) of the PS-IAA4/5 and
PS-IAA6 to be 8 min and 6 min, respectively (Abel et al.,
1994). Their most prominent structural feature is the pres-
ence of a foo motif similar to the p sheet DNA binding
domain found in prokaryotic repressors of the Arc family
{Abel et al, 1994). Based on these data, it has been
suggested that plant tissues express short-lived nuclear
proteins as a primary response to IAA. The prospect arises
that these proteins may have a regulatory function as
activators or repressors of late genes responsible for medi-
ating the various auxin responses (Abel et al., 1994).

Our long-term effort is to elucidate their precise function
during the early steps of auxin action. As a first step
towards this goal, we expressed the PS-IAA4 and PS-IAA6
genes in Escherichia coli and produced rabbit polyclonal
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Figure 1. Expression of PS-IAA4 (panel 1) and PS-IAA6 {panel |l} proteins in E. coli.

The plAA4/5 and plAAB cDNA inserts (Theologis et al., 1985) were subcloned into a T7-based expression plasmid for /ac-regulated expression in bacteria.
Panels i(a} and ll(a) are portions of Coomassie blue-stained gels of bacterial extracts from IPTG-induced cells. The lanes are: 1, vector alone; 2, cDNA in
sense orientation; 3, cDNA in antisense orientation; 4, purified recombinant protein. Each lane contains 100 pg protein except for lanes 4 which contain 5 ug

purified bacterial protein.

Panels I{b} and 1l{b) are immunoblots of replica gels shown in I{a} and ll{a), respectively, stained with affinity-purified anti-PS-IAA4 {panel I(b)) or anti-PSIAAG
{panel il{b})) antibodies. Each lane contains 100 ng protein except lanes 4 which contain 10 ng purified bacterial protein. The reference proteins are shown
on the right: phosphorylase b, 94 kDa; BSA, 67; ovalbumin, 43; carbonic anhydrase 30; soybean trypsin inhibitor, 20. The arrows show the size of the

recombinant proteins.

antibodies. The antibodies were used to determine the
expression of PS-IAA4-like genes in various monocotyled-
enous and dicotyledonous plants by in vitro immunopre-
cipitation experiments. Induction kinetics of the PS-IAA4/5
and PS-IAA6 proteins after auxin treatment reveals that
they are post-transcriptionally regulated.

Results

Expression of PS-IAA4 and PS-IAA6 proteins in E. coli
and antibody production

The auxin-regulated cDNAs plAA4/5 and plAA6 (Oeller
et al., 1993; Theologis et al., 1985) were inserted into a
plasmid next to the phage T7 promoter for expression in
E. coli (Oeller, 1992; Studier and Moffatt, 1986). Upon
induction of cells carrying this plasmid with IPTG, large
amounts of either PS-IAA4 (Figure 1, I(a), compare lane 2
with lane 1) or PS-IAA6 protein (Figure 1, ll{a), compare
lane 2 with lane 1} accumulate. E. coli strains expressing
the cDNAs in antisense orientation do not accumulate any
recombinant protein {Figure 1, compare lane 3 with lane 2
in I(a) for PS-IAA4, and Il{(a) for PS-IAA6). The proteins
were solubilized with 8 M urea and purified to near homo-
geneity as described in Experimental procedures {Figure
1, compare lane 4 with lane 2 in l{a) for PS-IAA4, and ll(a)
for PS-IAAB). The purified proteins were used to raise

high titer rabbit antisera. Affinity-purified antisera can
specifically detect the recombinant proteins in crude bac-
terial extracts as well as the purified recombinant proteins.
(Figure 1, lanes 2 and 4 in I(b) for PS-IAA4 and Il{b) for
PS-IAA6). Each antiserum can detect at least 0.2 ng of
bacterially made protein by immunoblotting analysis (data
not shown, see Oeller, 1992). However when 200 pg of
total protein extract (corresponding to 20 mg of fresh
weight of pea epicotyls) are immunobilotted, the antibodies
fail to detect the PS-IAA4 and PS-IAA6 polypeptides. Sim-
ilarly the antibodies fail to detect the proteins by immuno-
cytochemical analysis, using thin sections of the third
internode of etiolated pea seedlings {data not shown, see
Oeller, 1992).

Immunoprecipitation of in vitro and in vivo made
PS-1AA4/5 and PS-IAA6 proteins

To demonstrate that the antibodies can recognize the IAA-
inducible polypeptides, immunoprecipitation experiments
with in vitro translation products of mRNAs from control
and IAA-treated tissue as well as with in vivo labeled
proteins from |AA-treated and untreated tissue were carried
out and the results are shown in Figure 2 (Il is PS-IAA4/5,
Il is PS-IAA6). PS-IAA4 antibodies recognize several poly-
peptides which are encoded by auxin-inducible mRNAs
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Figure 2. Immunoprecipitations of [¥SImethionine-labeled in vitro and in vivo made PS-IAA4 (panel I) and PS-IAA6 (panel Il) proteins.

Panel I{a) shows an autoradiogram of immunoprecipitations with PS-IAA4 antibodies of in vitro translation products with poly(A)*-RNA from control and
|AA-treated (2 h) pea epicotyl tissue. The lanes are: 1 and 2, total translation products from control (1) and IAA-treated (2) tissue; 3 and 4, immunoprecipitations
with pre-immune serum of the products shown in lanes 1 and 2; 5 and 6, as lanes 3 and 4 but with affinity-purified PS-IAA4 antibodies; 7, the product of
in vitro synthesized PS-/AA4 mRNA; 8-11, immunoprecipitations of IAA translational products in the presence of various competitor proteins: PS-IAA4 (8),
PS-IAAB (9), B-galactosidase {(10), and BSA (11).

Panel I{b) shows an autoradiogram of immunoprecipitations using in vivo [¥*SImethionine-labeled pea tissue from control {lanes 1 and 3) and auxin-treated
(lanes 2 and 4) tissue using pre-immune serum (lanes 1 and 2) or affinity-purified PS-IAA4 antibodies (lanes 3 and 4).

Panels ll{a} and il{b) are exactly as l{a) and }{b} but with PS-IAAG6 antibodies. Also, lane 7 is the product of in vitro made PS-JAA6 mRNA; lane 8, the competitor
is PS-IAAB protein and lane 9 the competitor is PS-IAA4 protein.

The data shown in panels | and il were obtained with the same samples. The reference proteins are as shown in the legend of Figure 1. For experimental
details, see Experimental procedures.

(Figure 2, I(a), compare lane 6 with lane 5). A doublet of weakly IAA-inducible polypeptide of 29 kDa (Figure 2, I(a),
25/26 kDa as well as an ~31 kDa polypeptide are strongly compare lane 6 with lane 5). To identify which of the auxin-
induced by IAA. The antibodies also immunoprecipitate a inducible polypeptides {shown in Figure 2, l{a), lane 6) are
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encoded by the PS-IAA4 mRNA, RNA was synthesized in
vitro from a full-length cDNA, translated in vitro in a
wheat germ lysate and immunoprecipitated with PS-IAA4
antibodies. The results show that the lower band of the
25/26 kDa doublet corresponds to the PS-IAA4 protein
{Figure 2, I(a), compare lane 7 with lane 6). Furthermore,
the results indicate that the upper band of the 25/26 kDa
doublet is the translational product of a distinct mRNA and
not a modified version of the 25 kDa PS-IAA4 polypeptide.
The 26 kDa protein probably corresponds to the PS-IAAS
gene product whose mRNA structure has not yet been
elucidated (Oelier et al., 1993). The PS-IAA4 protein displays
slightly aberrant mobility on SDS-PAGE, because its pre-
dicted molecular mass is 21 kDa (Table 1), but its apparent
mass is 25 kDa (Figure 2, I(a), lane 7). The specificity of the
immunoprecipitation was confirmed by competition with
bacterially made PS-IAA4 protein (Figure 2, l{a), lane 8).
Preimmune serum does not precipitate the auxin-inducible
polypeptides (Figure 2, I(a), lanes 3 and 4). Structurally
unrelated B-galactosidase (Figure 2, l{a), lane 10} and BSA
{Figure 2, I{a), lane 11) do not compete with the immunopre-
cipitation. Excess PS-IAA6 protein competes with the
immunoprecipitation of the 29 and 31 kDa polypeptides
{Figure 2, I{a), lane 9), indicating that these proteins prob-
ably share some of the conserved domains common in
PS-IAA4 and PS-IAA6 proteins (Abel et al, 1994; Oeller
et al., 1993).

Immunoprecipitation of protein labeled in vivo with
(3%S1methionine from control and |IAA-treated pea epicotyl
tissue also reveals an auxin-inducible doublet of 25/26 kDa
that corresponds to the PS-IAA4/5 doublet detected in in
vitro translation products (Figure 2, compare lanes 3 and
4 in I{b) with lane 6 in I{a)). Several other polypeptides that
correspond to the in vitro translational products of 29 and
31 kDa whose synthesis appears to be repressed by IAA
are also immunoprecipitated (Figure 2, compare lanes 3
and 4 in |(b) with lanes 5 and 6 in l(a)). The few additional
immunoprecipitable products observed in the in vivo
immunoprecipitations (Figure 2, compare lanes 3 and 4 in
(b) with lanes 5 and 6 in (a) in | and I} may represent: (i)
distantly related members of the multigene family encod-
ing PS-IAA4/5-like proteins; or (i) non-specific inter-
actions(s) of the IgG with in vivo labeled proteins.

Similar experiments were carried out with the PS-IAA6
antibodies and are shown in Figure 2, ll{a), and (b). Anti-
bodies raised against the PS-IAAG protein recognize a
single polypeptide of 21 kDa derived from an auxin-indu-
cible mRNA (Figure 2, ll(a), compare lanes 5 with 6) as well
as the weakly IAA-inducible 29 kDa polypeptide which is
also immunoprecipitated with the PS-IAA4 antibody (Figure
2, ll(a}, compare lanes 5 and 6). PS-IAA6 mRNA synthesized
in vitro specifies an immunoprecipitable polypeptide that
co-migrates with the 21 kDa polypeptide encoded by an
IAA-inducible mRNA (Figure 2, Il{a), compare lane 7 with

lane 6). The specificity of the immunoprecipitation was
also confirmed by competition with bacterially made PS-
1AA6 proteins (Figure 2, li{a}, compare lane 8 with lane 6).
Pre-immune serum also does not precipitate the auxin-
inducible polypeptide (Figure 2, 1l(a), lanes 3 and 4), and
unrelated proteins such as p-galactosidase and BSA do not
compete with the immunoprecipitation (Figure 2, ll(a),
lanes 10 and 11, respectively). The additional bands seen
when P-galactosidase is used as the competitor (Figure
2, li{a), lane 10) are attributed to non-specific protein
aggregation during immunoprecipitation. Excess PS-IAA4
protein partially competes with the immunoprecipitation
of the 21 kDa PS-IAA6 protein and fully competes with the
precipitation of the 29 kDa polypeptide (Figure 2, I\(a),
compare lane 9 with lane 6) demonstrating that the con-
served domains in PS-IAA4/5 and PS-IAA6 are probably
also present in the 29 kDa protein (Abel et al., 1994; Oeller
et al., 1993). We attribute the partial blockage of the PS-
IAA6 immunoprecipitation by excess of PS-IAA4 protein to
the presence of the conserved domains between these two
proteins. Immunoprecipitation of in vivo labeled proteins
with PS-IAA6 antibodies reveals an auxin-inducible protein
of 21 kDa with the same mobility as the 21 kDa auxin-
inducible polypeptide detected in in vitro made products
(Figure 2, compare lanes 3 and 4 in ll{b} with lanes 5 and
6 in li(a)). The correspondence between the PS-IAA4/5 and
PS-IAA6 proteins made in vitro and in vivo demonstrates
that these proteins are not extensively modified post-
translationally, and that the antibodies recognize IAA-indu-
cible polypeptides synthesized in vivo. Our failure to detect
the proteins on immunoblots of pea extracts or in thin
sections by immunofluorescence is probably due to their
low abundance (Oeller et al., 1993).

Kinetics of induction of PS-IAA4/5 and PS-IAAG proteins

Previously, we showed that IAA transcriptionally activates
the PS-IAA4 and PS-IAA6 genes with a lag period of 5-10
min (Koshiba, Ballas and Theologis, in preparation). To
determine the induction kinetics of the proteins encoded
by these genes, we used the PS-IAA4 and PS-IAAG antisera
to immunoprecipitate [**SImethionine-labeled proteins
from IAA-induced tissue at short time intervals after induc-
tion with |AA (Figure 3, I(b) for PS-IAA4/5 and i(d) for PS-
IAAB). While RNA hybridization analysis shows a sixfold
increase in PS-IAA4/5 mRNA and a 10-fold increase in PS-
IAA6 mRNA after 30 min of IAA induction (Figure 3, I(a)
and (c)), a slight decrease in PS-IAA4/5 and no change in PS-
IAA6 proteins are observed at the same time of induction
(Figure 3, I(b) and (d)). However, after 1 h of IAA treatment,
when both mRNAs are induced almost 10-fold, a slight
increase (10%) in the PS-IAA4/5 and a significant increase
{two- to threefold) in PS-IAA6 proteins is observed com-
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Figure 3. Induction kinetics of PS-IAA4/5 and PS-IAA6 proteins.

Panel I: short time-course experiments showing the rapidity of accumulation
of the PS-IAA4/5 and PS-IAA6 mRNAs (a and c, respectively} and proteins
{b and d, respectively) in pea epicotyl segments in the presence (+) or
absence (-} of 20 pM JAA RNA.

Panel iI: as in panel |, except over a long time course. RNA hybridization
analysis with 20 pg total nucleic acids was carried out as described in
Experimental procedures using 32P-labeled plAA4/5 or plAA6 cDNA inserts
(Oeller et al., 1993). In vivo labeled proteins were immunoprecipitated from
control and |AA-treated tissue as described in Experimental procedures.
The incorporation of {**Smethionine in c.p.m. per 0.8 g fresh weight of
tissue into total tissue extract and TCA-precipitable material at various time
intervals: total extract—4 h, 1.2 x 10% 6 h, 1.5 x 10% 8 h, 1.65 x 10% and
TCA-precipitable—4 h, 0.33 x 10% 6 h, 0.5 x 10°% 8 h, 0.66 X 10°.

pared with the amount present in the initial tissue (fp)
(Figure 3, I(b) and (d)). After 2 h of treatment, both mRNAs
and proteins continue to increase. The amounts of both
proteins decrease dramatically in non-lAA-treated tissue
and after 2 h they are five- to 10-fold lower than those
in |AA-treated tissue (Figure 3, I(b) and (d)). A similar
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experiment was performed after long time intervals of
induction (Figure 3, li{b) and (d)). The results indicate that
both proteins can be detected after 4 h of IAA treatment,
however after 6 h their level drops dramatically (Figure 3,
li{b) and (d)) even though the PS-IAA4/5 and PS-IAA6
mRNAs are detectable and have reached their steady-
state level {Figure 3, Il{a) and (c}). The incorporation of
[**SImethionine is linear throughout the course of this
long-term experiment. Only 40% of the [**SImethionine
has been incorporated into TCA-precipitable material after
8 h of treatment (see Figure 3, legend). If the synthesis
of these proteins was occurring, they should have been
detected by immunoprecipitation after 6 or 8 h. These
results suggest that a post-transcriptional regulatory mech-
anism is operational on the PS-IAA4/5 and PS-IAA6 genes.

Identification of immunologically related proteins in other
plant species

To determine whether other plant species express IAA-
inducible mRNAs encoding related polypeptides, immuno-
precipitation experiments with in vitro translation products
and the antibodies to the pea proteins were -carried out.
The results are shown in Figure 4(a) PS-IAA4 and (b) PS-
IAAB. PS-IAA4 antibodies immunoprecipitate at least 12
polypeptides from mRNA isolated from IAA-treated
soybean hypocotyls, ranging in size from 17 to 40 kDa, 10
of which are IAA inducible (Figure 4(a), compare lane 4
with lane 3). The pattern of immunoprecipitable products
from soybean mRNA is similar but not identical to that
obtained with pea mRNA (Figure 4(a), compare lane 4 with
lane 2). Similar immunoprecipitation detects at least six
polypeptides in etiolated Arabidopsis seedlings (M, 19-40
kDa) five of which are IAA inducible (Figure 4{a), compare
lane 6 with lane 5). IAA-treated maize mesocotyls express
at least seven mRNAs encoding proteins related to PS-
1AA4 with M, clustered around 30 kDa (Figure 4{a), compare
lane 8 with lane 7). A similar diverse profile of polypeptides
is recognized by the PS-IAAB antibodies with mRNAs from
the four plant species mentioned above (Figure 4b). The
immunoprecipitation by both antibodies is specific because
they can be competed using purified PS-IAA4 or PS-IAA6
protein (data not shown).

Phylogenetic analysis

Analysis of 10 PS-lIAA4-like amino acid sequences from
various plant species (Abel et al., 1994} using the progress-
ive alignment method developed by Doolittle and Feng
(1990} vields the unrooted phylogenetic tree shown in
Figure 5. The tree shows that the 10 auxin-regulated
proteins fall into three distinct classes. Interestingly,
although pea, soybean, and mungbean are closely related
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Figure 4. Immunoprecipitations of [**S]methionine-labeled in vitro translation products with mRNAs from various plant species.
{a) Antibodies to PS-IAA4 protein were used to immunoprecipitate in vitro translation products with mRNA from control (lanes 1, 3, 5, 7) or auxin-treated
tissue (lanes 2, 4, 6, 8). Lanes 1 and 2, etiolated pea epicotyls; lanes 3 and 4, etiolated soybean hypocotyls; lanes 5 and 6, etiolated Arabidopsis hypocotyls;

lanes 7 and 8, etiolated maize mesocotyls.

{b) Exactly as (a) but antibodies to PS-IAAB protein were used for immunoprecipitations. The same samples were used to obtain the data shown in (a) and

{b). The reference proteins are as shown in the legend of Figure 1.

GmAux28 Soybean
(51)
___(7_81|:|AA2 Arabidopsis
IAA1 Arabidopsis
(65) _@I—_——Ps-lAM/s Pea
ARG4 Mungbean
@7 L AtAux2-11 Arabidopsis
ﬂEmAuxzz Soybean
(75) ARG3 Mungbean
(55) ——PS-|AA6 Pea

AtAux2-27 Arabidopsis

Figure 5. Amino acid sequence-based phylogeny of the auxin-regulated
polypeptides.

The unrooted phylogenetic tree was constructed from the alignment shown
in Figure 1 in Abel et al. (1994) using the progressive alignment method of
Doolittle and Feng {1990). The horizontal distances are drawn to scale and
the numbers in parentheses are the averaged percentage identities of all
pairwise comparisons of the sequences positioned to the right. Sources of
the sequences are {a) pea (Pisum sativum) (Oeller et al., 1993); (b} soybean
{Glycine max) (Ainley et al., 1988); (c) mung bean (Vigna radiata) (Yamamoto
et al., 1992b); (d} Arabidopsis thaliana (AtAux2-11 and AtAux2-27 (Conner
et al., 1990), IAA1 and IAA2 (Abel et al., 1994)).

evolutionarily by being members of the Leguminoseae
family, the GmAux28 protein of soybean has diverged
from the other two lineages which include proteins from
Arabidopsis thaliana, a member of the Crucifereae family.
The possibility exists that the proteins of each lineage
perform similar but distinct functions. As more members

of the multigene family from each species are isolated, a
more complex tree will be obtained indicating the diversity
of the proteins utilized for mediating the auxin responses.

Discussion
Properties of the PS-IAA4 and PS-IAA6 proteins

The polypeptides encoded by the PS-IAA4 and PS-IAA6
mRNAs are similar in size and isoelectric point (Table 1),
and their overall hydropathy profiles are similar (data not
shown). Neither protein contains a putative signal peptide
or N-linked glycosylation sites (von Heijne, 1986; Kornfeld
and Kornfeld, 1985). Both proteins are not grossly modified
in vivo since the mobilities of the in vitro translated
products are indistinguishable from those of the proteins
synthesized in vivo (Figure 2).

Alignment of their amino acid sequences reveals the
presence of four conserved domains, |, Il, Il and 1V, ranging
in size from 9 to 43 amino acids (Abel et al., 1994; Oeller
et al., 1993). Both proteins share similar physical properties
(Table 1} and extensive amino acid sequence identity with
eight other proteins encoded by early auxin-regulated
genes in soybean, mungbean and Arabidopsis (Abel et al.,
1994). All these proteins contain the four conserved
domains found in PS-IAA4 and PS-IAA6 (Abel et al., 1994).
The existence of similar genes in other plant species is
documented by the already cloned genes, but the extent
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Table 1. Properties of the polypeptides encoded by various auxin-regulated genes from various plant species

No. of amino  Predicted molecular isoelectric point
Protein acids mass (Da) Plant species  Reference
PS-1AA4 189 21 036 6.4 Pea Abel et al. (1994)
PS-IAA6 179 20 330 6.9 Pea Abel et al. (1994)
GmAux22 195 21 478 7.2 Soybean Ainley et al. (1988)
GmAux28 243 26 910 55 Soybean Ainley et al. (1988)
ARG3 194 21514 7.2 Mungbean Yamamoto et al. (1992b)
ARG4 196 22 049 8.2 Mungbean Yamamoto et al. (1992b)
AtAux2-112 186 20 990 5.6 Arabidopsis Conner et al. (1990)
AtAux2-272 174 19 595 8.3 Arabidopsis Conner et al. (1990)
1AA1 168 19 062 8.2 Arabidopsis Abel et al. (1994)
1AA2 174 19 910 5.2 Arabidopsis Abel et al. (1994)

3The properties have been estimated from the amino acid sequence deduced from genomic sequences.

of the multigene family is striking as revealed by the
immunoprecipitation of in vitro translation products shown
in Figure 4. The PS-IAA4 and PS-IAA6 antibodies recognize
a similar group of polypeptides, some of which are encoded
by auxin-inducible mRNAs, while others are constitutively
expressed in pea, soybean, Arabidopsis and maize (Figure
4). It is of a great interest that 14 IAA-inducible PS-IAA4-
like genes have been cloned from Arabidopsis and all
contain the four conserved domains (Abel and Theologis,
unpublished). Recent experimental evidence indicates that
the PS-1AA4-like proteins are nuclear localized and contain
a PBoa motif similar to the B-sheet DNA-binding domain
found in prokaryotic repressors of the Arc family (Abel
et al., 1994).

The PS-IAA4 and PS-IAAG6 proteins are of low abundance

Our antibodies cannot detect the proteins on immunoblots
of pea extracts from IAA-treated tissue, nor can they be
used to localize them subcellularly by immunofluorescence
(Oeller, 1992). The antibodies, however, can specifically
immunoprecipitate |AA-inducible PS-IAA4/5 and PS-IAA6
proteins from in vivo [33SImethionine-labeled proteins
(Figure 2). The immunoprecipitated proteins shown in
Figure 2 (I{b} and 1i(b), lanes 3 and 4) represent all the
immunoreactive material from 0.5 g fresh weight of tissue
(~25 segments) labeled with 0.5 mCi [33S]methionine for 2
h and require several days of exposure to be visualized by
fluorography. We estimate that these nuclear proteins
represent no more than 0.0001% of the total protein in pea
epicotyl tissue. This calculation refers to the inability to
detect these proteins on immunoblots and is based on the
amount of total protein loaded on the gel (200 pug) and the
minimum amount of protein that can be detected by the
antibodies (0.2 ng). From these results, we also estimate
that approximately 3000 molecules of PS-IAA4 or PS-IAA6
protein are present in each cell assuming that every cell

expresses these genes. This was based on the average cell
size (~10 pl; 25 pm X 20 pm X 20 pm), the assumption
that one pea tissue segment (~20 pl) contains 2 X 10 cells,
and the fact that 0.2 ng of a 21 kDa protein corresponds to
~6 X 10% molecules. The low abundance of the proteins
can be attributed to their short &, which is 8 min for PS-
IAA4 and 6 min for PS-IAA6 {Abel et al., 1994), among the
shortest known half-lives for eukaryotic proteins. Such
short half-lives are characteristic of regulatory molecules
{Gottesman and Maurizi, 1992; Varshavsky, 1992). The
Drosophila ftz and yeast MATa2 transcription factors,
involved in development and differentiation, have half-
lives of 5-10 min (Edgar et al, 1987; Hochstrasser and
Varshavsky, 1990; Kellerman et al., 1990). The proto-onco-
gene products myb, myc and fos, which are transcription
factors involved in growth control, are also known to be
rapidly turned over, with half-lives of 25-60 min
(Klempnauer et al, 1986; Liischer and Eisenman, 1988;
Mitchell et al., 1985). Enzymes such as ornithine decarb-
oxylase {t;=10 min (lsomaa et al., 1983)) and 1-aminocyclo-
propane-1-carboxylic acid (ACC) synthase (=58 min (Kim
and Yang, 1992)), which catalyze rate-limiting steps of
biosynthetic pathways, also generally have short half-lives.

The mechanism of PS-IAA4 and PS-IAA6 degradation
has not yet been investigated. We note, however, that
neither protein contains a typical ‘PEST' region associated
with rapid turnover (Rogers et al., 1986). If the N-end rule
applies to these proteins, the expected post-translational
madification exposing the N-terminus of the mature protein
would likely result in a minor mobility change on an SDS
gel that would probably not be detected in our experiments
(Varshavsky, 1992). We have not used anti-ubiquitin anti-
bodies to determine if these proteins are targeted by
this mechanism, and we cannot detect transient higher
molecular weight species indicative of ubiquitination (see
Figure 2). The low abundance of the proteins may make
the detection of ubiquitinated forms difficult.
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Kinetics of protein induction

Studies of transcriptionally inducible genes have shown
that the period required to attain new levels of individual
mRNAs and proteins is related to their unique half-lives
(Hargrove et al., 1991). The minimum period required to
achieve a new level is directly proportional to product half-
lives because rates of decay control the ratio between the
rate of synthesis and the concentration of gene products
at steady state (Hargrove et al., 1991). Based on this
generally accepted model for the kinetics of induction
processes, half-maximal induction should be detected after
the equivalent of one t, assuming the degradation rate is
not changed. The ts of PS-IAA4/5 and PS-IAA6 protein
have been determined to be 8 min and 6 min, respectively
(Abel et al., 1994). According to the kinetic model, half-
maximal induction of these proteins should be detected
after 8 min and 6 min, respectively. The data of Figure 4,
however, indicate a 30 min lag period before an increase
in protein levels is detected, while the corresponding
mRNAs start to accumulate after a lag period of 5~10 min
{Theologis et al., 1985). This discrepancy is easily resolved
by the kinetic model that states that when the rate of
transcription changes, the time required to achieve a new
level of the encoded protein is a function of the half-lives
of all intermediates (i.e. mRNA). The ts of PS-IAA4/5 and
PS-IAA6 mRNAs have been experimentally determined to
be 60 min and 72 min, respectively {Koshiba, Ballas and
Theologis, in preparation). A quantitative model has been
developed that predicts the rate of protein accumulation
as a function of mRNA concentration (Hargrove et al., 1991)
and the ts of mRNAs and proteins. Computer programs
are available that provide solutions to the mathematical
equation that describes this model. Using the microcom-

puter program sTeLLA® 1l (Hargrove, 1993; Hargrove et al.,

1993}, we were able to simulate the kinetics of induction of
PS-lAA4/5 and PS-IAAB proteins using the experimentally
determined ts of their mRNAs and proteins (Figure 6). The
simulated curve for PS-IAA6 (Figure 6b) quantitatively fits
the experimental data shown in Figure 3 (l(c) and (d)),
whereas that for PS-IAA4/5 (Figure 6a) qualitatively fits the
experimental data shown in Figure 3 (l{a) and (b)). This
discrepancy may be due to incomplete knowledge of the
simulation parameters {e.g. mRNA translatability). The
amount of both proteins drops during the first 20 min of
the simulation; by 30 min the experimentally determined
level of PS-IAA4/5 is lower than the initial level {compare
Figure 3 I{b) with that of Figure 6a) whereas the level of
PS-1AA6 is almost the same as its initial level {(compare
Figure 3 i{d) with Figure 6b). The decrease in the amount
of the proteins in the first 20-30 min is attributed to the
more rapid turnover of the proteins (PS-IAA4/5, t, 8 min;
PS-IAASB, t; 6 min; Abel et al., 1994) compared with that of
the corresponding mRNAs (PS-IAA4/5, t, 60 min; PS-IAAS,
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Figure 6. Predicted time course for induction of PS-IAA4/5 (a} and PS-IAA6
(b} mRNAs and proteins using the STELLA® Il microcomputer program for
kinetic modeling of gene expression (Hargrove, 1993; Hargrove et al., 1993).
Theoretical accumulation curves for PS-IAA4/5 and PS-IAA6 proteins and
mRNAs were computed, based on the known gs of PS-IAA4/5 and PS-IAAG
proteins (8 min and 6 min, respectively; Abel et al. (1994)) and mRNAs (60
min and 72 min, respectively; Koshiba, Ballas and Theologis, in preparation).
The simulation assumes the rate of MRNA synthesis due to transcriptional
activation by IAA (Koshiba, Ballas and Theologis, in preparation) increases
10-fold for PS-IAA4/6 and 20-fold for PS-IAA6 and that the initial level of
each mRNA and protein in the uninduced state is 1.

t, 72 min; Koshiba and Theologis, unpublished) (Yagil,
1975). The simulated data of Figure 6 also indicate that the
net increase of both proteins is moderate whereas their
corresponding mRNAs increase more dramatically, and
agree with the experimental evidence so far obtained
(Theologis et al., 1985; and Figure 3).

After a long period of IAA induction, little or no PS-IAA4/5
and PS-IAA6 protein can be detected by immunoprecipi-
tation (Figure 3, li{b) for PS-IAA4/5 and ll(d) for PS-IAAB).
In contrast, the PS-IAA4/5 and PS-IAA6 mRNAs remain
easily detectable ([Figure 3, ll{a) and (c)). Protein synthesis
is still occurring in tissues treated for 6-12 h with 1AA
and poly(A)* RNA isolated from 12 h treated tissue is
translationally active in vitro (Qeller, 1992). The results
reported here suggest that a translational control mechan-
ism is operational after 4 h of IAA treatment. Perhaps PS-
1AA4/5 and PS-1A6 proteins regulate their own synthesis



by interacting with PS-IAA4/5 and PS-IAA6 mRNAs,
blocking their translation (Mitchell et al., 1985).

The proteins do not accumulate before the onset of cell
elongation induced by IAA, and disappear while elongation
is still occurring (Jacobs and Ray, 1976; and Figure 3). The
proteins are expressed in a short window of time relative
to the elongation response, which continues for at least
24 h (Jacobs and Ray, 1976; Katsumi, 1963). This pattern
of expression is similar to that of growth regulators in
vertebrate systems such as the proto-oncogene c¢-fos which
is detectable for only a few hours upon serum stimulation
of a quiescent cell culture. During this time it is able to
establish conditions that lead to cell proliferation (Kruijer
et al., 1984; Miiller et al., 1984).

Though the absolute level of induction of these proteins
(three- to fivefold) is low, it can be enough to change
the growth state of the cell dramatically, and in fact is
reminiscent of several well-known regulators in bacteria
and yeast. The induction of phage lambda from its pro-
phage state is known to require only a fivefold change
in intracellular repressor concentration (Ptashne, 1986).
Similarly, in yeast, a sixfold change in Gal4 concentration
causes a 40-fold change in expression of Gal1, a structural
gene required for galactose utilization (Griggs and John-
ston, 1991). Such subtle changes of concentration having
switch-like properties are due to cooperativity, a common
feature of regulatory mechanisms in biological systems.
The precise regulatory function of these short-lived nuclear
proteins has not yet been defined. We have proposed that
they may be part of a cascade response involved in auxin-
mediated differentiation (Abel et al., 1994} similar to the
ecdysone-mediated cascade of gene expression during
insect development (Ashburner, 1990; Segraves and Hog-
ness, 1990). The precise function of the PS-IAA4-like pro-
teins observed in various plant species will be eventually
determined by further biochemical characterization and
functional inactivation using reverse genetic approaches.

Experimental procedures

Plant material

Seven-day-old etiolated pea seedlings (Pisum sativum cv. Alaska)
were grown in vermiculite, and 8-mm-long epicotyl segments
from the third internode of each seedling were treated with 20
uM 1AA as previously described (Theologis et al., 1985). Etiolated
soybean (Glycine max cv. Prize) and corn (Zea mays cv. Funk)
seedlings were also grown in vermiculite in total darkness for 5
days; 1 cm segments from the elongating region of the hypocotyl
(soybean) or from the mesocotyl {corn) were used for hormone
treatment. Etiolated Arabidopsis seedlings (Arabidopsis thaliana
ecotype Columbia) were grown for 5 days in complete darkness
on solid 0.5 X MS medium (Murashige and Skoog, 1962) and
harvested by shaving off the seedlings about 1 cm above the
surface of the plate. Auxin treatment of soybean, corn and Arabi-
dopsis tissues was performed using 20 uM IAA for 2 h (Theologis
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Figure 7. Partial restriction maps of pPO21 and pPO22 plasmids used for
expression of the PS-IAA4/5 (pPO21) and PS-IAA6 (pPQ22) proteins in E.
coli (Studier and Moffatt, 1986).

See Experimental procedures for details of their construction. The nucleic
acid and amino acid sequences at the fusion junction of the ¢T7 promoter
of pPO9 and the modified plAA4/5 and plAA6 cDNA inserts are shown
below. The nucleotides and amino acids corresponding to the ¢T7 gene
are shown in lower case letters while those of plAA4/5 and plAA6 cDNAs
are shown in upper case letters.

et al, 1985). After incubation, the tissue was frozen in liquid
nitrogen and stored at —70°C.

Expression of PS-IAA4 and PS-IAAG in E. coli, protein
purification, and antibody production

The T7 RNA polymerase-based expression vector, pET-3C (Studier
and Moffatt, 1986), was modified to allow expression of cDNAs
cloned as EcoRl fragments by introducing a unique EcoRl site 9
bp downstream from the translation initiation codon giving rise
to the pPO3 vector (Rottmann et al., 1991). An open reading frame
cloned into the EcoRl site of pPO9 in the correct register will give
rise to a polypeptide with three additional amino acid residues at
its amino terminus. The plAA4/5 plasmid (Qeller et al., 1993;
Theologis et al., 1985) was digested with EcoRl and the 810 bp
insert, containing the entire coding region except the initiating
methionine, was subcloned into the EcoRl site of pPO9 giving rise
to pPO21 (see Figure 7). The plasmid pPQ20 was also constructed
containing the cDNA insert in antisense orientation. Plasmid
plAA4/5 selects (wo highly similar mRNAs as determined by
hybrid selected translation experiments (Theologis et al., 1985)
thus its notation. However, the protein encoded by the plAA4/5
cDNA insert corresponds to PS-JAA4 mRNA (Oeller et al., 1993).
The structure of the mRNA encoding the polypeptide PS-IAA5 has
not yet been determined. Consequently, the antibodies raised with
the plAA4/5 insert correspond to PS-IAA4 protein. The plasmid
plAA6 (Oeller et al., 1993) was digested with EcoRl, the 761
bp cDNA isolated and treated briefly with exonuclease BAL31
{Sambrook et al., 1989). The ends were made blunt with Klenow,
EcoRl linkers (5'-GGAATTCC-3') were added, and the fragment
was subcloned into the EcoRl site of pUC18 giving rise to pPO19.
The pPO19 cDNA insert was subcloned into the EcoRl site of pPO9
giving rise to pP022 (sense, Figure 7) and pP0O23 (antisense)
expression plasmids. The protein fusion produced from the pP022
plasmid consists of seven NH,-terminal amino acids derived from
the EcoRl linker and the pPO9 vector, one hundred and fifty amino
acids representing the PS-IAA6 protein (amino acids 24-173) and
seven COOH-terminal amino acids derived from the pPO9 vector.

The pP020, pPO21, pP0O22, and pPO23 plasmids were introduced
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into the expression competent host BL21(DE3) (Studier and Mof-
fatt, 1986). Expression of PS-IAA4 and PS-IAA6 was carried out at
37°C for 3 h in the presence of 2 mM IPTG, as described by Studier
and Moffat (1986). Induced BL21(DE3) cells harboring either pPO21
or pPO22 were collected by centrifugation for 10 min at 4°C. The
pellet was washed with 20 mM sodium phosphate buffer, pH 7.0,
5 mM EDTA, and resuspended in 1/50 of the original culture
volume using the same buffer. The cell suspension was subjected
to repeated cycles (five to six) of freeze, thaw and sonication,
using a Heat Systems Ultrasonics Inc. sonicator {model W-385)
fitted with a standard tapered microtip. The lysate was centrifuged
at 100 000 g for 30 min at 4°C and the supernatant was dialyzed
against 20 mM sodium phosphate buffer (pH 7.0), 5 mM EDTA for
48 h at 4°C, changing the buffer every 8 h. Upon completion of
dialysis, a precipitate was visible which was found to be almost
pure protein. The precipitated protein was dissolved in 20 mM
Tris-HCI {pH 8.0), 100 mM NaCl, 1 mM dithiothreitol, 8 M urea
and dialyzed extensively against the same buffer without urea.
The suspension was centrifuged at 16 000 g for 10 min at 4°C and
the pellet discarded. The supernatant was found to contain pure
PS-IAA4 or PS-IAAG protein. Pure protein (30—40 mg) was obtained
from 1 | of induced culture. Antibodies to recombinant proteins
were produced in New Zealand White rabbits (Harlow and Lane,
1988). The antibodies were purified by affinity chromatography
using PS-IAA4 or PS-IAAG proteins immobilized on CNBr-activated
Sepharose-4B (Harlow and Lane, 1988). These antibodies have
been previously used for determining the ¢ of PS-IAA4/5 and PS-
1AAG6 proteins (Abel et al., 1994). Immunoblotting was performed
according to Burnette {1981), and the antigen-antibody complexes
were visualized with alkaline phosphatase conjugated on a goat
anti-rabbit IgG (Promega).

In vivo labeling and immunoprecipitation

For in vivo labeling experiments, the pea epicotyl tissue was
manually abraded, using a paste of 5 um aluminum oxide, cut to
8 mm segments and treated with or without |AA in the presence
of 1 mCi [*S]methionine (Trans label, ICN, sp. act. >1000 Ci
mmol~) using buffers previously described (Theologis et al., 1985).

(i) Short time course. Forty abraded segments (~0.8 g fresh
weight per sample) were incubated in depletion medium
(Theologis et al., 1985) for 0.5 h at 25°C and subsequently
transferred to the same medium containing 1 mCi
[35S]methionine (Trans label, ICN, sp. act. >1000 Ci mmol-")
for an additional 2 h. Subsequently, the hormone treatment
was initiated with 20 pM IAA in the presence of [*®S]methion-
ine, and tissue samples were taken at the indicated times and
processed for immunoprecipitation.

{it) Long time course. Tissue samples were depleted for 0.5 h,
treated for 2 h with or without 20 uM {AA in incubation buffer
{Theologis et al., 1985) and, subsequently, 1 mCi [33S]methion-
ine was added to each sample and, tissue was removed at
the indicated times and processed for immunoprecipitation.

Labeled tissue was frozen in liquid N,, ground to a fine powder
using a mortar and pestle, and lyophilized. Protein was extracted
with 1 ml boiling extraction buffer (100 mM sodium phosphate
buffer pH 7.0, 140 mM B-mercaptoethanol, 1% (w/v) SDS) to
inactivate endogenous proteases (Vierstra and Quail, 1982).
immunoprecipitations were performed with 2 X 108 c.p.m. (in vitro)
and 1 X 108 c.p.m. {in vivo) of acid-precipitable, [**S}methionine-
labeled proteins using pre-immune and affinity-purified immune
antiserum as described (Giudice et al., 1979) except the trichlo-

roacetic acid {TCA) precipitation was omitted. The homogenate
was centrifuged at 100 000 g for 20 min at 4°C and the supernatant
was diluted 10-fold with 1% Triton X-100, 20 mM sodium phos-
phate buffer, pH 7.0, 5 mM EDTA. Affinity-purified antibodies were
added corresponding to 100 wl of crude antiserum. The antibodies
were incubated with agitation for 10-15 h at 4°C and protein A-
Sepharose (25 pl packed volume) was added and incubated for
2 h at 4°C. The antigen-antibody-protein A complex was collected
by centrifugation and washed as described (Giudice et al., 1979)
except that the wash buffer was adjusted to 0.4 M LiCl for
the first two of the five wash steps {Giudice et al., 1979). The
immunoprecipitates were eluted into 35 yl boiling Laemmili loading
buffer and resolved on a 12% SDS-polyacrylamide gel (Laemmli,
1970) using 0.5X buffer in the separating gel. Gels were stained
with Coomassie brilliant blue, destained, and soaked in 1 M
sodium salicylate (Chamberlain, 1979) before drying. Fluorograms
were quantified using an LKB scanning densitometer.

Synthesis of full length PS-IAA4 and PS-IAA6 RNAs
in vitro

PS-IAA4. Plasmid plAA4.1 containing an almost full-length PS-
IAA4 cDNA (Oeller et al., 1993) was digested with EcoRl giving
rise to two EcoRl fragments, one 346 bp containing the 5' end,
and another 870 bp containing the 3' end of the cDNA. The 346
bp EcoRl fragment was digested with restriction endonuclease
Maelll and the digestion products were ligated to an adaptor,
formed by annealing two oligomers, T7451 (5' TGTAATACGACT-
CACTCTCGGGATCCACAAGT 3') and T7452 (5' GTAACACTTGTGG-
ATCCCTATAGTGAGTCGTATTACA 3‘), and pUC19 digested with
Hincll and EcoRl. These ligation products were used to transform
E. coli DHSa, (Sambrook et al., 1989). The T7451/77452 adaptor
contains a phage T7 RNA polymerase promoter (nucleotides 3-
19 of T7451), a BamH! recognition site (nucleotides 21-26 of
T7451), the first 6 nucleotides of the 1AA4/5 mRNA (nucleotides
27-32 of T7451) and a Maelll 5’ overhang (nucleotides 1-5 of
T7452). Numerous transformants were isolated and screened by
restriction enzyme digests to determine whether they contained
the correct insert. A plasmid, designated pPO33, was isolated and
its authenticity was verified by DNA sequence analysis (Sambrook
et al., 1989). Subsequently, the 870 bp fragment (3’ end) was
subcloned into the Ecofll site of pPO33 giving rise to pPO36. This
plasmid contains a bacteriophage T7 RNA polymerase promoter
followed by a BamH] site followed by a fuli-length PS-IAA4 cDNA
including a poly(A} tail 53 nt long.

PS-IAA6. Plasmid plAAG6 (Oelier et al., 1993} containing a partial
PS-1AA6 cDNA was digested with Sad and EcoRl and the 526 bp
fragment, containing the 3’ portion of the cDNA, was gel purified
by adsorption to NA45 paper (Schleicher & Schuell). The 5' end
of the cDNA was constructed by PCR using the genomic subclone
pBam-Hindlll {Oeller et al., 1993) as a template and the amplimers
IA6S (5 GGCGAGCTCCATCCATGCTAACC 3’) and IA6BI
(5' CCGGGATCCTACATGTTCAAAAAATATTCC 3'). The amplified
fragment (257 bp) corresponds to the 5’ end of the mature PS-
IAA6 mRNA (from the transcription start site to the Sacl site). The
5' fragment was digested with Sacl/BamH| and ligated with the
previously isolated 3' 526 bp Sacl/EcoRl fragment into BamH\/
EcoR|-digested pPO33. The resuiting plasmid, designated pPO57,
contains the bacteriophage T7 RNA polymerase promoter followed
by a BamH| site followed by a full-length I1AA6 cDNA including a
poly(A) tail 8 nt long.

Plasmids pPO36 or pPO57 were digested with EcoRl (pPO36



requires partial digestion) and the linearized plasmids were gel
purified by adsorption on glass powder. Two micrograms of each
plasmid were incubated in 40 mM Tris {(pH 8), 8 mM MgCl,, 5 mM
DTT, 4 mM spermidine, 1.25 mM dNTPs, 40 U RNasin (Promega)
and 60 units of T7 RNA polymerase (Promega) for 60 min at 37°C.
The DNA templates were digested with 4 units of RNase-free
DNase for 15 min at 37°C, and the RNA was extracted with phenol
and ethanol precipitated. The RNAs synthesized migrate as a
single species on an agarose gel.

mRNA jsolation and in vitro translation

Total RNA and poly(A)" RNA were isolated as previously described
(Theologis et al., 1985). RNA blots were prepared and hybridized
using standard methods (Sambrook et al., 1989). Poly(A)* RNA
or in vitro synthesized RNA was translated in vitro using a wheat
germ extract from Amersham in the presence of [33S]methionine
(sp. act. 800 Ci mmol™") as recommended by the manufacturer. In
vitro RNA synthesis was performed using plasmids pPO36 and
pPO57 as templates containing full-length PS-IAA4 and PS-IAA6
cDNAs, respectively (Malone et al., 1989).

Phylogenetic analysis

The amino acid sequences of 10 polypeptides encoded by auxin-
regulated genes were aligned to generate a phylogenetic tree by
using Parsimony After Progressive Alignment (paPA) programs
(Doolittle and Feng, 1990} provided by Dr Russell F. Dootittle (U.C.
San Diego) and compiled on a SUN-UNIX computer.

Biochemicals

Murashige and Skoog (1962) salt mixture was from Gibco.
Ultrapure SDS and urea were from Schwartz-Mann. Oligo(dT)-
cellulose, m;G(5")ppp(5')G, NTPs, and protein molecular weight
standards were from Pharmacia. Nitrocellulose (BA-85) was from
Schieicher & Schuell. All other chemicais were from Sigma and
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Pioneer Hybred (corn) and Guhy's Specialty Nursery (Arabidopsis).
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